In this study, effective energy from spark discharge for direct blast initiation of spherical gaseous detonations is investigated. In the experiment, direct initiation of detonation is achieved via a spark discharge from a high voltage and low inductance capacitor bank and the spark energy is estimated from the analysis of the current output. To determine the blast wave energy from the powerful spark, the time-of-arrival of the blast wave in air is measured at different radii using a piezoelectric pressure transducer. Good agreement is found in the scaled blast trajectories, i.e., scaled time c o ⋅t/R o where c o is the ambient sound speed, as a function of blast radius R s /R o between the numerical simulation of a spherical blast wave from a point energy source and the experimental results where the explosion length scale R o is computed using the equivalent spark energy from the first 1/4 current discharge cycle. Alternatively, by fitting the experimental trajectories data, the blast energy estimated from the numerical simulation appears also in good agreement with that obtained experimentally using the 1/4 cycle criterion. Using the 1/4 cycle of spark discharge for the effective energy, direct initiation experiments of spherical gaseous detonations are carried out to determine the critical initiation energy in C 2 H 2 -2.5O 2 mixtures with 70% and 0% argon dilution. The experimental results obtained from the 1/4 cycle of spark discharge agree well with the prediction from two initiation models, namely, the Lee's surface energy model and a simplified work done model. The main source of discrepancy in the comparison can be explained by the uncertainty of cell size measurement which is needed for both the semi-empirical models.
Introduction
Since the pioneering work by Zel'dovich et al. [1] , the problem of direct blast initiation of spherical detonation has been extensively studied [2] . Direct blast initiation refers to the instantaneous formation of the detonation without going through the pre-detonation stage of flame acceleration. By "instantaneous" it means that the initial strong blast wave is generated directly by the ignition source upon the rapid deposition of its energy and decays asymptotically to a Chapman-Jouguet (CJ) detonation rather than by flame acceleration, as in the transition from deflagration to detonation (DDT) [3, 4] . Among different dynamic parameters of detonation waves, the minimum energy required for the direct blast initiation of a detonation in a given explosive mixture (i.e., the critical initiation energy) has been considered as perhaps the most direct means of determining an explosive sensitivity [5] .
Experimentally, direct initiation can be achieved by electrical discharges, high power lasers, and condensed explosive charges. Studies have indicated that condensed explosive charges or sparks from a rapid low inductance capacitor discharge can closely approximate the ideal instantaneous point energy source of the classical similarity blast wave solution [6, 7] .
For the spark discharge initiation, earlier investigation suggested the total energy stored in the capacitors E c (i.e., E c = 1/2CV 2 , in joules, where C denotes the capacitance, in farads; and V the potential difference, in volts) could be used for the estimation for critical energy of direct initiation. However, owing to the energy loss and ohmic dissipation this kind of estimate cannot correctly evaluate the total energy deposited into the explosive and thus, the actual energy responsible for the initiation of detonations. Therefore, it only gives an order of magnitude approximation to the actual energy deposited in the mixtures.
Knystautas et al. [8] have shown in their study that the actual spark discharge energy can be adequately estimated by integrating the square of current function i(t) 2 multiplied by the spark resistance R sp :
. Experimental observation also indicated that the detonation is usually formed in a time scale t e which is much less than the total spark discharge time and thus, the energy deposited subsequent to t e plays no significant role in the initiation process since the initiation is already completed. Further analysis also suggests that the effective spark energy for direct initiation corresponds to the first 1/4 cycle of the current discharge, but evidences are lacking to confirm this hypothesis.
The objective of the present study is two fold: First, the experimentally measured blast decay in air from the spark discharge is first compared with the numerical simulation of a point blast.
This attempts to verify if the effective spark energy from the 1/4 cycle of current discharge is equivalent to the point blast energy in the ideal case. Second, the critical energy, determined using the 1/4 cycle spark discharge energy estimation, for direct initiation of spherical detonation in stoichiometric acetylene-oxygen mixtures with 70% and 0% argon dilution at different initial pressures are reported. The experimental results are then compared with theoretical prediction using the Lee's surface energy model and a simplified work done model.
Experimental Details and Measurement
The time-of-arrival measurement of the blast front decay originated from the spark is carried out in the experimental setup illustrated in Fig. 1 . The slender coaxial electrode for spark discharge is fixed at the bottom of a hemisphere by a steel holder; a PCB piezoelectric pressure transducer # PCB 401A22 (with sensitivity of 3.0965 mV/kPa from our laboratory calibration and typical rise time of ~ 2 μs) is mounted in a horizontal plate above the spark to measure the arrival time of the spark-generated blast wave. Two vertical steel plates are fixed to support the horizontal plate. The distance between the spark and the transducer can be changed via adjusting the position of the horizontal plate.
The ignition system is constructed in previous studies (see [9, 10] for further details). It essentially consists of a high voltage power supply, capacitor bank, a gap-switch and a trigger module (TM-11A). At the end of this slender electrode there is a 3.5 mm spark gap through which the energy is delivered through the ignition circuit. The procedure to estimate the actual spark discharge energy from the ignition system is also detailed in authors' previous studies [9, 10] . For completeness, it is briefly described here (see [9, 10] for a complete analysis). For a damped oscillatory discharge the current is modeled by a function with the attenuation factor equal to α = R total /2L total where R total and L total are the total circuit resistance and inductance, respectively. For a given trace of the current discharge recorded on the oscilloscope, the natural frequency ω n is determined using frequency of the discharge ω and the damping factor ζ where
. The total circuit inductance and subsequently the total circuit resistance are then calculated using the natural frequency ω n and total capacitance C total from L total = 1/ω n 2 C total and R total = 2L total α , respectively. The spark resistance R sp is determined by subtracting R total = R circuit when the spark gap is shorted out R sp ≈ 0 from R total = R circuit + R sp when the spark is not shorted. At last, the total spark discharge energy is found by numerically integrating the square of the current i multiplied by spark resistance R sp :
. Table 1 summarizes details of the typical experimental parameters and results of spark discharge for different initial voltage. R circuit and R sp represent the resistance of circuit and spark, respectively. Again, the energy E c = 1/2CV 2 means the total energy stored on the capacitor. Owing to the ohmic dissipation and energy loss, only part of this stored total energy contribute to the total spark discharge energy (i.e., E total ).
Numerical Simulation
To compare the experimental blast decay measurement and to determine the blast energy, numerical simulation of blast wave propagation from a point source is performed. The full unsteady nonlinear dynamics of blast wave decay is modeled numerically by solutions of the inviscid compressible, time-dependent one-dimensional Euler equations, which are expressed as the conservation equations for mass, momentum and energy:
where t is the time and r is the radial coordinate. ρ denotes the mass density, u the velocity, p the pressure, and e the specific total energy with specific heat ratio γ:
The variables are all normalized with the initial quiescent state of the medium, i.e., initial density, initial pressure, sound speed in ambient air c o as the reference flow variables. The solution of the above system is approximated numerically using two hydrodynamic codes based on two different numerical schemes to ensure that the numerical formulation does not affect the blast trajectories, particularly at low Mach number regime. The two numerical finite-volume methods, i.e., the Slope-Limiter Centered (SLIC) scheme and the upwind Weighted-Average Flux (WAF) scheme with an exact Riemann solver, are both conservative, explicit, second order accurate schemes [11] . A value of 0.8 is used for the CFL number and two resolutions are checked for the simulations Δr = 0.02 and 0.01 to ensure that the solution is grid-independent. To initialize the computation, the strong blast wave profiles [12, 13] are used as initial conditions at initial normalized blast radius R s = 2 (the reference scale is chosen such that there is 100 numerical grid points per unit length), and Mach number M = 40.
For comparison, the blast wave trajectories from both experiments and numerical simulations are scaled with respect to the explosion length R o as a characteristic length scale defined as:
where E s denotes the blast wave energy and p o the initial pressure (p o = 101.3 kPa in the case of the present experiment). For the numerical simulation, the blast wave energy E s can be obtained from the initial strong blast profile. The experimental explosion length R o is computed using the 1/4 cycle spark discharge energy as the effective blast energy for comparison and validation.
Results and Discussion
The For better comparison without any scaling, using the trajectories data we can also fit with the numerical solution to determine the blast energy. Figure 3 shows the numerical blast decay solution (of a particular point source energy E (numerical) ) that matches with the dimensional experimental data. This blast energy determined from the matching is compared with the 1/4 cycle energy in Table 1 . On average for all experimental conditions, the % difference is found to be around 20%. It is worth noting that the 1/4 cycle spark energy measurement for each experiment has a variation or a maximum uncertainty of ± 8%. Taking this experimental limitation into account, the energies from both the numerical estimation and the experimental measurement appear to be in reasonably good agreement.
The above result provides evidences to confirm that the 1/4 cycle energy is equivalent to the effective blast energy. In fact, for direct initiation via a spark discharge, it is long considered that only this 1/4 cycle of the energy discharge contributes to the direct initiation process [8] . As discussed earlier, the estimation of total spark energy is from the function of: = and spark resistance R sp is constant. Knystautas et al. [8] defined peak average power P = E total /t, henceforth the critical energy for direct initiation as the total energy released to the mixture up to maximum of the peak average power P = (E total /t) max (where the maximum strength of the shock wave occurs when P is a maximum). It is suggested that the time up to peak average power as well as the maximum strength of the shock wave is approximately the first quarter cycle of the discharge; energy release after first cycle peak plays little role in its subsequent motion, since it is the chemical energy released by the exothermic reactions initiated by the shock wave itself that sustains its subsequent propagation. Long time energy release only tends to heat up the spark channel and does not contribute to the blast wave for direct initiation.
Using the assumption of 1/4 cycle spark discharge energy to estimate the point blast energy
for the direct initiation, initiation experiments are carried out in the same high pressure bomb [9, 10] and results are compared with Lee's surface energy theoretical model [6, 14] 
where p o is ambient pressure, M s the blast Mach number and R s is the blast radius. I is an numerical constant (for specific heat ratio γ = 1.4, I = 0.423) [3] . According to Zel'dovich's criterion [1] , when the blast wave decays to M s = M CJ , it should engulf a kernel size of radius
A simplified work done model is also considered in this study for comparison [5, 15, 16] . In essential, if we assume the energy needed to re-initiate a detonation downstream of the unconfined space in the critical tube diameter problem can be related to the work done delivered by the detonation product in the confined tube (i.e., a fictitious piston) over a period t*, the energy can be obtained by:
where p CJ and u CJ denote the CJ detonation pressure and particle velocity, respectively. t* can be modeled as the time when the rarefaction wave reaches the tube axis, which can be approximately by t*~ d c /2c CJ with c CJ being the sound speed of the detonation products [5, 17] .
Therefore, this simplified work done model gives:
To complete both the Lee's initiation model and the simplified work done model, the value of critical tube diameter, d c , is required for the energy estimation. According to Lee, the critical tube diameter and failure are closely linked to the reaction sensitivity of the mixture and hence, the detonation cellular instability [18] . As shown in previous studies [10, [19] [20] [21] , for the stable argon-diluted mixtures like C 2 H 2 -2.5O 2 -70% in that the reaction zone is at least piecewise laminar described by the ZND model and cellular instabilities play a minor role on the detonation propagation, the empirical correlation of the critical tube diameter with the characteristic detonation cell size d c ~ 25-30λ can generally be used. Our recent experimental study also confirms that for C 2 H 2 -2.5O 2 -70%, d c = 29λ [22] ; and therefore, the energy equations for both models immediately yield: (12) where ρ o is the initial density of the mixture, V CJ , p CJ , u CJ , c CJ the CJ detonation velocity, pressure, particle velocity and sound speed, λ the cell size and I is a numerical constant (for γ = 1.4, I = 0.423). All the equilibrium CJ detonation properties are computed from the thermodynamic equilibrium program CEA [23] ). On the other hand, for undiluted C 2 H 2 -2.5O 2 mixture in which cellular instabilities plays a prominent role in the propagation mechanism, the empirical correlation is universally given by d c = 13λ [24, 25] and this yields both the energy equations to become: 
Values of cell size λ with initial pressure for the two acetylene-oxygen mixture conditions are obtained from [26, 27] . The cell sizes for the Ar-diluted mixture are obtained directly by Radulescu [26] and for the undiluted case, the correlation is determined from different data obtained in the CALTECH detonation database [27] (a compilation from Desbordes et al. [21, 28] , Laberge et al. [29] , Voitsekhovskii et al. [30] and Knystautas et al. [25] for the pressure range of interest in this study). These correlations are given as: Similarly, Fig. 5 shows the plot for the undiluted acetylene-oxygen mixtures. It summarizes the experiment results and compared with theoretical ones for C 2 H 2 -2.5O 2 mixture with initial pressure ranging from 5 kPa to 20 kPa. In general, all curves show the same trend. However, a large discrepency can been seen as the the initial pressure decreases. It is worth noting that for undiluted mixture, the cell size is usually irregular at low initial pressure, making the determination of a characteristic cell size difficult. It is well known that the uncertainty in the cell size data for unstable mixtures can be differed as much as a factor of 2. Figure 6 shows the cell size data used to construct the correlation given in Eq. (13) (14) and one can notice the scattering at low initial pressure. The presence of such amibiguity in cell size measurement thus has a large effect on the energy estimation using any theoretical model that relies on the value of detonation cell size due to the cubic dependency as given in Eq. (11) (12) (13) (14) . Within the inherent uncertainty in the cell size data, the result indeed shows a fair agreement between the 1/4 cycle energy measurement and the theoretical predictions.
Concluding Remarks
In the present study, we investigated the effective critical energy for direct blast initiation of spherical gaseous detonations from a powerful spark. This work first compared the numerical simulation of blast wave decay from a point source with experimental measurement to show that the effective amount of blast energy can be estimated by the 1/4 cycle from the spark discharge.
Using the effective energy of the 1/4 cycle spark discharge, we report in this paper the critical energy of direct initiation of spherical gaseous detonation for C 2 H 2 -2.5O 2 mixtures with 70% and 0% argon dilution at different initial pressures and compare with two semi-empirical models.
The critical energies for direct initiation from a spark as determined by the amount of 1/4 cycle of spark discharge agree well with the theoretical predictions from both Lee's surface energy and a simplified work done model. Such good agreement indirectly further validates the effective critical energy from the 1/4 cycle of spark discharge can be linked to the energy responsible for direct initiation and analogous to the point blast energy in the ideal case. 
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